ABSTRACT: We present a simple method, called fluorescence-based assessment of plasma-induced hydrophilicity (FAPH), that enables spatial mapping of the local hydrophilicity of surfaces normally inaccessible by traditional contact angle measurement techniques. The method leverages the change in fluorescence of a dye, Nile Red, which is adsorbed on an oxygen plasma-treated surface, and its correlation with the contact angle of water. Using FAPH, we explored the effect of microchannel geometries on the penetration distance of oxygen plasma into a microchannel and found that entrance effects prevent uniform treatment. We showed that these variations have a significant impact on cell culture, and thus the design of cell-based microfluidic assays must consider this phenomenon to obtain repeatable and homogeneous results.
H ydrophilicity, or wettability, is an important physical property of microfluidic systems, especially regarding its internal surfaces. Many microfluidic systems rely on surface hydrophilicity to achieve various functions such as (i) facilitating capillary fluid flow into microchannels (i.e., priming); 1 (ii) preventing nonspecific hydrophobic adsorption of sample molecules; 2, 3 and (iii) promoting attachment of mammalian cells in tissue culture for cell-based applications. 4, 5 For microfluidic systems fabricated in glass, the internal surfaces are naturally hydrophilic and thus do not require additional treatment to achieve the above functions. However, for microfluidic systems fabricated in other commonly used materials such as poly(dimethylsiloxane) (PDMS), 6 polystyrene (PS), 7 and cyclo-olefin copolymers (COC), 8, 9 the internal surfaces are naturally hydrophobic and require surface modification to render them hydrophilic. Because these materials are becoming increasingly popular for the development of microfluidic systems, 10 ,11 the ability to not only render these materials hydrophilic but to also retain and characterize their hydrophilicity are crucial to advancing microfluidics technology and expanding its applications.
A common method of achieving hydrophilicity is to expose surfaces to oxygen plasma. Plasma treatments are used in many applications including the removal of organic contaminants, 12, 13 the control of surface wettability, 14 and the traditional application of making plastic substrates hydrophilic to facilitate cell adhesion and growth in laboratory plasticware (e.g., polystyrene Petri dishes and well plates). 15 In addition, oxygen plasma treatments activate surfaces to enable bonding between two interfaces 16 and have been widely employed in the microfluidics community to bond PDMS to glass (or other materials) to create enclosed microchannels. 17 The convenience and accessibility of plasma treatment allows it to be incorporated into laboratory procedures without the need for dry or wet chemical processes.
Although achieving hydrophilicity is straightforward, the ability to retain hydrophilicity is dependent on the material. PS retains its hydrophilicity, allowing commercial plasticware to have long shelf lives (i.e., years). PDMS, conversely, is known to undergo hydrophobic recovery in a matter of hours. 18 This often imposes a time constraint on experimental procedures, adds variability to test conditions, and constitutes one of several important factors that has hindered widespread adoption and commercialization of PDMS-based microfluidic systems. Because of the steady convergence of microfluidics and cell biology applications and the ongoing pursuit of commercial, user-friendly microfluidic technologies (including tools for point-of-care diagnostics 19 and platforms for microfluidic cell culture 7 ), there is a clear need to develop microfluidic systems made of common manufacturable materials like PS and COC that have potential for high volume industrial production and can maintain stable surface characteristics such as hydro-philicity. 10 Thus, researchers have been studying and developing methods to facilitate the testing and characterization of robust, surface-treated plastic microfluidic devices in the lab, in hopes of eventually translating these techniques to industry. 3,7,10,20−24 Two current challenges in fabricating robust plastic microfluidic devices are (i) the ability to apply uniform plasma treatments within the entire device and (ii) the ability to characterize the surface hydrophilicity after treatment to assess its uniformity. In the case of PDMS-PDMS and hybrid PDMSglass microfluidic devices, plasma treatments are typically applied prior to device assembly because it simultaneously activates the surfaces for bonding and uniformly hydrophilizes all internal surfaces. However, in the case of thermoplastic microfluidic devices, oxygen plasma treatment prior to thermal diffusive bonding tends to reduce bond strength, 7 making plasma treatment before device bonding undesirable. Applying plasma treatment after bonding is plausible, 23 particularly for microfluidic devices that employ open access ports, 25 but because the plasma is entering only through the access ports, the treatment may not be uniform within the device and penetration into microchannels may be limited ( Figure  1A) . 26, 27 Further research is therefore necessary to advance our ability to generate and retain uniform hydrophilic surfaces via plasma treatment in plastic microfluidic devices. In addition, improved methods that characterize the uniformity of plasma treatment and correlate it to surface hydrophilicity are needed. While measuring contact angles of droplets is the most common method for assessing wettability, 28 it relies on the use of relatively large (microliter) droplets that are not suitable for assessing local wettability at high spatial resolution.
Here, we describe a novel approach called fluorescence-based assessment of plasma-induced hydrophilicity (FAPH) that is suitable for characterizing local surface wettability at high spatial resolution ( Figure 1B) . The approach relies on adsorption of a hydrophobic, fluorogenic molecule, Nile Red (NR), on the substrate surface, subsequent plasma treatment to deplete NR molecules, and fluorescence image analysis to quantify the level of NR depletion and determine the in situ surface hydrophilicity. The purpose of FAPH is to provide microfluidic designers with insight on microscale geometries and physical dimensions that account for how plasma treatment modifies surface hydrophilicity. By applying this approach, we explored the effects of geometry on plasma treatment penetration and, as a demonstration of its importance in future cell-based applications, studied the downstream effects of the applied plasma treatment on the adhesion of mammalian cells in microscale cell culture.
■ METHODS AND MATERIALS
Microchannel Fabrication. Microchannels were fabricated in PDMS using established soft lithography techniques.
6,17 A master mold was fabricated by spin-coating photoresist (SU-8 100, Microchem, Newton, MA) onto a silicon wafer (WRS Materials, San Jose, CA) and patterning the channel features using UV light (Omnicure series-1000, EXFO, Mississauga, Canada). Unexposed photoresist was removed with SU-8 developer (PG-MEA no. 484431, Sigma-Aldrich, St. Louis, MO). Features were molded by soft lithography using PDMS (Sylgard 184, Dow Corning, Midland, MI) mixed in a 10:1 ratio of elastomer base and curing agent and baked on a hot plate at 80°C for 4 h. Channels varied in height from 100 to 350 μm and in width from 0.10 to 1.0 mm. PDMS microchannels were then passively bonded to PS substrates for subsequent tests.
PS Sample Preparation. Samples were fabricated in 1.2 mm thick PS sheets (no. ST313120, Goodfellow, Huntingdon, England). Large (60 mm × 90 mm) and small (25 mm × 25 mm) samples pieces were cut using a Personal CNC Mill (PCNC 770, Tormach, Waunakee, WI). Samples were cleaned by rinsing with deionized (DI) water, sonicating for 15 min in 50°C isopropyl alcohol (IPA), and rinsing again by submerging in a DI water bath for 1 min. Cleaned samples were pulled out of the DI water bath slowly to ensure that the surface was free from any satellite water droplets. Nile Red (NR) (no. N3013, Sigma-Aldrich) was diluted to 5 μg/mL in DMSO (no. D2650, Sigma-Aldrich) to obtain a stock solution, and then further diluted 1:200 (v/v) in IPA to yield the working solution. The working NR solution was applied on one side of the PS sample at ∼0.35 μL/mm 2 using a micropipet and left on the surface for 30 s. The sample was then promptly placed in DI water and rinsed as previously described. During rinsing, it was important to remove all satellite water droplets because they tended to leave dried spots on the surface that affected image analysis. After rinsing, NR-coated samples were protected from light and dust until ready for use.
Plasma Treatment. NR-coated PS samples were either assembled to create enclosed microchannels or left unbonded to expose the entire sample. Samples were treated with oxygen plasma using a plasma cleaning system (Femto, Diener Electronic, Ebhausen, Germany). Plasma treatments varied in exposure time (5−50 s), oxygen gas flow rate (20−40 mL/ min), and power (25−50 W), which were chosen based on previously published work. 7, 23, 25 Unbonded PS samples were used to obtain a correlation between NR fluorescence intensity and contact angle measurements made via standard goniometry of sessile drops (see Contact Angle Measurements). Assembled PS samples, with the passively bonded microchannels, were used for characterizing plasma treatment penetration into microchannels by fluorescence quantification. In these experiments, PDMS microchannels were passively bonded to the NRcoated samples, plasma treatment was applied into the channels, and the PDMS microchannels were then removed after plasma treatment, exposing the entire sample surface to image analysis. Plasma treatments in these experiments were applied consistently for 50 s, at 50 W, and with an oxygen gas flow rate of 20 mL/min.
Contact Angle Measurements. Surface hydrophilicity of PS samples was characterized by measuring and averaging contact angles of three 6 μL DI water droplets on the sample surface using a goniometer (model 200, Rame-Hart, Succasunna, NJ). For all PS samples that were NR-coated and imaged for fluorescence, fluorescence imaging was always performed prior to contact angle measurements, to prevent potential disruption of the homogeneous NR coating via the 6-μL DI water droplets.
Fluorescence Imaging and Analysis. All NR-coated samples were imaged on an inverted fluorescence microscope (Eclipse Ti, Nikon) using appropriate filters. Images of NRcoated samples were acquired both before and after plasma treatment to enable assessment of the depletion of NR fluorescence caused by plasma treatment. To obtain a correlation between NR fluorescence intensity and contact angle, each NR-coated PS sample was imaged at nine locations, which were averaged to represent the fluorescence intensity for that PS sample (three samples per treatment condition). To spatially "map" fluorescence within microchannels, images were flatfield-corrected using ImageJ and stitched using Adobe Photoshop. To quantify penetration distance of plasma treatment, the fluorescence intensity along the channel length was averaged across the channel width. The resulting intensity profile was analyzed to determine the location where the intensity reached half of its maximum, and this location was then defined as the penetration distance, δ (Figure 2 ).
Cell Culture, Imaging, and Analysis. See the Supporting Information for details on cell culture, imaging, and analysis.
■ RESULTS
Overview. We developed a method called fluorescencebased assessment of plasma-induced hydrophilicity (FAPH) that allows characterization of local surface hydrophilicity of internal surfaces within microchannels ( Figure 1B ) and informs how microfluidic geometries and dimensions can impact the effectiveness of plasma treatment. The methodology relies on the following steps: (1) uniform coating of sample with NR, a hydrophobic fluorescent dye that adsorbs to hydrophobic surfaces because of hydrophobic interactions; (2) passive (reversible) assembly of PDMS microchannels onto the NRcoated sample; (3) treatment with plasma under desired parameters; (4) removal of PDMS microchannels to expose the plasma-treated substrate; and (5) fluorescence quantification of NR over the entire microchannel pattern, and correlation to surface hydrophilicity via contact angle calibration.
FAPH relies on the observation that upon plasma treatment, adsorbed NR on a surface undergoes a decrease in fluorescence intensity, or a fluorescence depletion, correlated to the level of plasma applied. An important aspect of the method is the need to establish a uniform NR coating. We accomplished this by dissolving NR in IPA, which leveraged IPA's low surface tension and its inherent property of enhancing NR fluorescence. 29 We found the optimal adsorption time for NR to range between 15 and 30 s, which allowed the dye to quench, 30 yielding a dimmer but more homogeneous and repeatable NR coating with adequate fluorescence ( Figure S1 in the Supporting Information). We thus chose a 30 s adsorption time for all experiments. When protected from light, external contaminants, and extraneous contact, NR-adsorbed PS samples were found to be stable for several weeks and could be safely stored for weeks before experimentation.
NR Fluorescence Intensity vs Contact Angle Correlation. To use NR fluorescence as a quantitative indicator of hydrophilicity, we correlated NR fluorescence to contact angle measurements, the standard for characterizing surface wettability. Contact angles were measured, both before and after plasma treatment, via goniometry with water droplets placed on NR-adsorbed PS samples. Adsorbed NR itself did not significantly affect the contact angle measurement, as evidenced by negligible differences between NR-adsorbed and non-NRadsorbed samples ( Figure S2 in the Supporting Information). Plasma treatment was controlled by tuning the power, flow rate, and exposure time. We found a linear relationship between NR fluorescence intensity and contact angle ( Figure 1C ) for angles between 15°and 50°. We were unable to obtain contact angles between ∼50°and 85°(note, 85°was the contact angle of untreated PS), because the most gentle plasma treatment applied (i.e., lowest power setting, highest pressure setting, and shortest duration) resulted in a decrease in contact angle to ∼50°. We were also unable to obtain measurements of contact angles <15°because all angles less than 15°could not be distinguished from 0°by goniometry and were thus considered highly hydrophilic. Nevertheless, our results yielded two important observations: (1) fluorescence intensity is linearly correlated to contact angle, and (2) fluorescence intensity can be used to inform us of the contact angle, and thus the surface hydrophilicity. Importantly this information is independent of the plasma treatment parameters used to achieve the contact angle. If two different sets of treatment parameters achieved the same contact angle (e.g., high power over short exposure time versus low power over long exposure time), then the resultant fluorescence intensity would be the same. This result confirmed that NR fluorescence intensity can be used as an indirect metric for contact angle and, by extension, the hydrophilicity of internal microchannel surfaces.
NR Microchannel Characterization. The linear correlation between NR fluorescence intensity and contact angle allowed us to employ the FAPH method to assess surface hydrophilicity after plasma treatment within microchannel geometries. To assess the effect of geometry and entrance effects on the penetration of plasma treatment into microchannels, we fabricated microchannels with different heights (20, 150 , and 350 μm) and widths (0.1−1 mm, Figure 3A and Figure S3 in the Supporting Information). The microchannels were open on only one end (left, entrance indicated by dotted red line) to allow unidirectional plasma penetration and were all treated under the same parameters (see the Methods and Materials). We observed a visible decrease in NR fluorescence intensity beginning at the channel entrance and extending into the channel for a specific distance (solid red line path), followed by transition back to the original level of NR fluorescence intensity. On the basis of our observations that NR fluorescence intensity is linearly correlated with contact angle ( Figure 1C ) and specific contact angles are correlated to applied plasma treatment, the observed intensity decrease was attributed to local oxygen plasma exposure that depleted the adsorbed NR.
We defined the plasma treatment penetration distance, δ, as the distance from the entrance to the location where the NR fluorescence intensity returns to 50% of the original NR level. On the basis of this definition and the curve fit between fluorescence intensity and contact angle ( Figure 1C ), δ represented a contact angle of ∼28°, considered moderately hydrophilic. δ was then compared across different microchannel cross-sectional dimensions (Figures 2 and 3A) . First, we found that δ was influenced most by microchannel height. For 20 μm tall channels, δ ranged from ∼1 to ∼1.4 mm, while for 150 μm tall channels, δ reached 5.5 mm. Second, we found that channel width had little impact for 20 μm tall channels but had significantly more impact for 150 μm tall channels. For 20 μm tall channels, δ consistently reached ∼1 mm for widths ranging from 0.1 to 1.0 mm. In contrast, for 150 μm tall channels, δ reached 3 mm into a 0.1 mm wide channel and 5.5 mm into a 1 mm wide channel. We note that microchannels as tall as 350 μm were tested ( Figure S3 in the Supporting Information), but these results displayed high variability, suggesting that plasma treatment became less uniform for taller channels. Overall, the results showed importantly that δ depended on microchannel cross-sectional dimensions. Furthermore, the results demonstrated the utility of FAPH to enable visualization of plasma treatment levels and led to local "spatial mapping" of surface hydrophilicity. The acquired spatial maps indicated a hydrophilicity gradient from the entrance inward.
Microchannel Cell Characterization. After visualizing spatial maps of surface hydrophilicity and measuring δ in microchannels, we investigated the impact of the observed hydrophilicity gradient on cell culture ( Figure 3B ). We hypothesized that cell adhesion and spread in the microchannels would vary depending on a gradient of surface hydrophilicity and that this gradient would lead to a similar gradient in cell adhesion, i.e., more adherent cells would be near the more hydrophilic entrance region and fewer adherent cells would be seen further into the microchannel. We used the same microchannel design and plasma treatment parameters as for the NR microchannel characterization above but used non-NRadsorbed PS samples to avoid unnecessary interaction with cells. After plasma treatment, channels were removed and the sample was submerged in a suspension of human umbilical vein endothelial cells (HUVECs) for 24 h to allow homogeneous and geometry-independent cell seeding ( Figure 3B ). HUVECs were chosen because they are known to demonstrate a noticeable difference in adhesion and spread when cultured on hydrophobic versus hydrophilic surfaces ( Figure S4 in the Supporting Information). We measured the distance from the channel entrance to the point at which cell adhesion was half as high as in the treated area ( Figure 3B ) and compared this to δ obtained by NR depletion. As hypothesized, we observed cells adhering more to the hydrophilic regions compared to hydrophobic regions. Adhesion correlated with penetration distance δ and similar trends were observed for both 150 and 20 μm tall channels, with results matching more closely for the taller channels (R 2 = 0.95) than for the shorter channels (R 2 = 0.77) ( Figure 3C and Figure S5 in the Supporting Information).
FAPH in Microchannel Networks. Finally, we applied FAPH to a multichannel network consisting of multiple 500 μm wide horizontal microchannels extending from a main 1 mm wide vertical microchannel ( Figure 3D ). Such a configuration mimics the design for a cell culture microchannel connected to perpendicular conduits, which may then be attached to adjacent cell culture compartments (not shown). We were interested in visualizing the effect of oxygen plasma treatment into an open port (P) and through this configuration. When we analyzed δ in the vertical main channel, we found δ PQR = 2.24 mm, which did not reach the entrance of the second horizontal arm. When we subsequently analyzed δ in all the horizontal arms, only the channel closest to the inlet port showed detectable NR depletion, with δ PQS = 2.38 mm. This total straight-line path measured from the inlet port P to location S ( Figure 3D ) was ∼6% longer than the straight-line path from P to R, indicating a consistency in the penetration distance due to plasma treatment, independent of the tortuosity of the path. Collectively, these results show the importance of homogeneity of plasma treatment in microchannels, and the potential of FAPH for characterizing plasma treatment in simple and complex channel designs ■ DISCUSSION To our knowledge, FAPH is the first fluorescence-based approach for characterizing the internal surface hydrophilicity of microchannels. The main advantage of FAPH is its ability to provide quantitation of the local surface hydrophilicity in a manner that cannot be obtained by conventional methods such as goniometry. Goniometry is effective and efficient for large planar substrates where droplets can be placed on a flat surface and imaged to determine contact angles. Enclosed microchannels, however, are not accessible to contact angle measurements via goniometry because they are not open to sessile drop formation. Furthermore, contact angle measurements only provide a measure of the surface hydrophilicity over areas that cover the footprint of the droplet or larger, so spatial resolution is limited. FAPH is applicable for simple and complex channel designs and configurations ( Figure 3D ) and is useful for assessing plasma treatments in enclosed microchannels quantitatively in terms of penetration distance δ. δ was found to correlate closely in cell culture systems with the channel location delineating regions of high and low cell adhesion ( Figure 3B ) and was found to be dependent on channel dimensions ( Figure 3C ). Specifically, δ appeared to decrease with decreasing channel width for deep (150-μm tall) channels but was found to be so short for shallow (20 mm tall) channels that decreasing channel width had no additional effect on δ. It was also discovered that δ was similar in length for different tortuous paths in a complex microchannel network after plasma treatment through a single inlet port ( Figure 3D ). These geometric effects on plasma treatment are important in cases where microdevices are treated after assembly, which is commonly done for microdevices fabricated in PS because plasma treatment before assembly can adversely affect bonding procedures. 7 FAPH enables characterization of the quality of local plasma treatment in the microchannel network with unparalleled spatial resolution. The technique offers a convenient visual readout via fluorescence that spatially "maps" the surface hydrophilicity, which is impossible with goniometry. This visual information can then be used to inform the user about heterogeneities in wettability and guide optimization. Depending on the biological or fluidic requirements of a microchannel, the designer could choose to use the appropriate microchannel height to ensure homogeneous surface treatment in the channel. For example, if a total channel length of 10 mm is desired, a microchannel that is 1 mm wide and 150 μm tall will ensure plasma penetration of at least 5 mm from one port. Adding a second port at the other end of the microchannel will therefore ensure complete plasma treatment into the center due to penetration from both ends. δ was found to be independent of the quantity of access ports and simply dependent on channel geometry (see the Supporting Information).
FAPH currently works best when NR is precoated on the substrate prior to device assembly because it ensures uniform NR adsorption on the surface. The method also yields more consistent fluorescence quantification when the device is disassembled after plasma treatment and before image analysis. We currently achieve this by using a passively bonded PDMS channel layer that can be removed after plasma treatment. This was sufficient to model the effects of channel dimensions on plasma treatment effectiveness, since it was found during preliminary testing that the PDMS, instead of PS, did not change the resultant measurements of δ. Future work will investigate how to extend the FAPH method to work directly in enclosed, fully assembled microchannels without the need for precoating of substrates or the need for device disassembly.
In terms of the choice to use NR, we tried other fluorophores (e.g., Texas Red) and found NR to offer the most sensitive detection and yield the most repeatable results. NR sensitivity was further improved by dissolving NR in IPA, which offered increased fluorescence intensity while also improving surface coverage during the dye adsorption step because of the low surface tension of IPA. NR emission wavelengths can be adjusted by changing the solvent, 29 so further optimization can be achieved for other applications if necessary.
The underlying physics of plasma treatment continues to be an active area of research. 31 FAPH has potential to uncover answers to previous questions related to the mechanisms of plasma treatment, particularly in its penetration and effectiveness in complex geometries and configurations. In addition, there may be potential applications where nonuniform plasma treatment is an advantage. In such cases, FAPH will provide a quantitative method for optimizing designs to provide the desired surface treatment, and to assist with the visual "mapping" of surface hydrophilicity.
■ CONCLUSION
FAPH is a method for characterizing and mapping the local plasma treatment within microchannels. Our data suggests that NR fluorescence can be directly correlated to contact angle and by extension plasma treatment penetration. Microchannel cross-sectional shape appears to have a significant effect on plasma treatment penetration distance. Channel design therefore plays a critical role in plasma treatment quality. Using this method, channels can be characterized prior to cell culture, thereby aiding device design and reducing the time needed to develop and optimize a functional cell-based assay.
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